A uropathogenic strain of Proteus mirabilis was grown in vitro in human and mouse urine and brain-heart infusion broth (BHIB) and in vivo in subcutaneous open chambers (SOC) in mice, intraperitoneal diffusion chambers (IPC) in rats and by ascending urinary tract infection in mice in order to compare growth pattern, cellular differentiation and expression of virulence factors. Although the growth rate was slower in vivo than in vitro, the extent of growth was similar after 24 h. I? mirabilis differentiated into filamentous swarmer cells in all in-vitro culture conditions, but no filamentous cells were observed in either of the in-vivo chamber models. Transurethrally infected mice showed a rapid release or loss of filamentous cells and these could not be seen in kidney or bladder homogenates 7 days after infection. Bacteria showed increasing haemagglutination titres for fresh and tanned 'red blood cells after subculturing in BHIB, but bacteria grown in vivo did not show haemagglutination. An increasing resistance to normal serum was found when bacteria were grown in vivo. Significant haemolytic activity was detected with bacteria grown in BHIB and IPC, but almost no activity was found when bacteria had grown in urine. These findings improve the understanding of the role of I? mirabilis uropathogenic virulence factors in vivo.
Introduction
Proteus mirabilis is a common cause of urinary tract infection (UTI) in catheterised patients and those with urinary tract abnormalities. It often infects the upper urinary tract where it can lead to acute pyelonephritis, bladder or renal stones, fever and bacteraemia [l-31.
Several potential virulence factors have been suggested for I? mirabilis. These include urease production [3] , cell invasiveness [4, 51, cleavage of IgG and IgA by a proteolytic enzyme [6] , outer-membrane proteins [7] , haemolysin production [8] , adhesion to the uro-epithelium [9, 101 , swarming motility by flagella [ 1 1, 121 and resistance to normal serum [ 
131.
The most commonly used models for studying the role of some of these factors in virulence have been the ascending or intravenous UTI models in mice [ 14, 151. However, very few descriptions of how P mirabilis expresses its virulence factors in vivo have been reported, and studies of appropriate bacterial-host interactions have not been exhaustive.
Subcutaneous open chamber (SOC) and intraperitoneal diffusion chamber (IPC) models have been used to study different aspects of pathogenicity in Neisseria gonorrhoeae [ [20] and Aeromonas salmonicida [2 I] . Although these models lack a mucosal surface and, therefore, are not suitable for adhesion or invasion studies, they enable the analysis of different bacterial characteristics in vivo. The SOC model allows studies on infectivity and survival in the presence of inflammatory and immune responses [16] . The IPC model has proved to be a valuable tool in studying changes induced in bacterial cell composition in vivo [22] , making possible the recovery of high numbers of pure bacteria grown in vivo and the analysis of expression of diverse virulence factors [ 
191.
These models had not been used previously to study I? mirabilis in vivo. Different virulence factors were selected for the present study. Some, such as MR/P and MR/K fimbriae [9, 23] and swarmer cell differentiation [12] , are thought to be important in the development of I! mirabilis urinary infections, whereas others such as haemolysin [24] or resistance to normal serum [13] have a role that is difficult to evaluate in the commonly used mouse models.
In this study, the growth patterns and expression of these I! mirabilis virulence factors were compared when a clinical isolate was grown in brain-heart infusion broth (BHIB), human and mouse urine, SOC in mice and IPC in rats. Ascending urinary tract infection in mice was analysed to complement cellular differentiation studies in vivo.
Materials and methods

Bacterial strain
A clinical isolate of I! mirabilis, Pr 990 [25] was used in all experiments. Swimming motility was tested by inoculation into semi-solid nutrient agar (NA) [26] and swarming motility on brain-heart infusion agar plates which had been dried at 37°C for 1 h [27] . In both cases, cultures were incubated overnight at 37°C.
Media and chemicals
All media were from Difco Laboratories (Detroit, MI, USA) and all chemicals were reagent grade (Sigma).
Urine
Human urine from five healthy female donors was pooled. Mouse urine from 10 healthy female mice was collected after gentle massage of the abdomen and pooled. Both urine pools were filter sterilised immediately after collection and used fresh.
Light and electron microscopy
Smears of preparations for light microscopy were fixed in methanol for 5 min and stained with methylene blue 0.8%. The ratio between long filamentous swarmer cells and short vegetative cells was established after counting all cells from 40 randomly chosen fields. Quantification of the different cell types was done in duplicate preparations. The same microscope conditions were maintained for all observations, which were performed by the same worker. Cells were considered as filamentous when they were 2 1 0 pm long [28] , c. five times longer than normal vegetative bacteria.
For electron microscopy, one drop of a bacterial suspension at an appropriate concentration was placed on a formvar-coated grid, fixed with paraformaldehyde lo%, washed with double-distilled water and negatively stained with uranyl acetate 1%. The specimens were then examined in a Jeol lOOCX I1 electron microscope operating at 60 kV
Animals
Female outbred mice weighing 20-25 g and outbred rats weighing 220-250 g from the breeding facilities at IIBCE, Montevideo, were used and provided with food pellets and tap water ad libitum. All animal experiments were conducted in accordance with procedures authorised by IIBCE (Montevideo, Uruguay).
Bacterial growth in vitro
I! mirabilis Pr 990 cells from an overnight culture on NA at 3 7°C were suspended in phosphate-buffered saline (PBS), pH 7.2, at 6 X lo8 cfu/ml. Then 100 pl of this suspension were added into 9.9 ml of BHIB or human or mouse urine and incubated statically at 37°C for 24 h. Samples were taken at different times and cells were counted after overnight culture on NA (agar 2%) incubated at 37°C.
Bacterial growth in vivo
Subcutaneous open chambers (SOC) in mice. Sterile silicone-rubber tubes (10 mm long and 8 mm outside diameter) were introduced subcutaneously at both sides of the back of four anaesthetised mice [17] . The inflammatory response was evaluated by periodic extraction of internal fluid and inflammatory cells were counted in a Neubauer chamber. When the counts of inflammatory cells were <105/ml, (c. 45 days after the implant), 100 pl of a suspension in PBS of bacteria from an overnight culture on NA at 6 X lo5 cfu/ml were inoculated into one chamber after extraction of the fluid. Plate counts and light microscopy preparations were made on samples taken at 4, 8, 12 and 24 h and 2, 5, 12, 19 and 26 days after inoculation. Mouse blood obtained by cardiac puncture was cultured on appropriate media to test for spread of bacteria from the inoculated chambers.
Intraperitoneal diffusion chambers (IPC) in rats. Diffusion chambers [21] were made from 1.5-ml conical micro-centrihge tubes and sealed with a 0.45-pm pore nitrocellulose membrane which was attached after heating the edge of the tube. The chambers were autoclave4 and 1 ml of a PBS suspension (6 X lo5 ch/ml) of bacteria grown on NA was inoculated through a hole made in the side of the tube with a heated needle. The hole was sealed by heat from a glass rod. Two chambers were introduced through a 1-cm longitudinal incision into the peritoneal cavity of rats anaesthetised previously by intramuscular injection of ketamine hydrochloride (88 mg/kg) and xylazine (4 mg/kg). The abdomen was sutured with vicryl 000 and the skin with nylon 000 [19] . After 4, 8, 12 and 24 h and 2 and 5 days the rats were killed (three rats per sampling point), and the chambers were removed, washed carefully with sterile saline and internal fluid was recovered with a sterile syringe. 
Ascending infection in mice
The ascending UTI mouse model of Hagberg et al. was used [14] . Mice with bacteria present in urine cultured 24 h before challenge were not used. For the study of the persistence of filamentous and vegetative cells in the urinary tract, strain Pr 990 was cultured in static aerobic conditions in BHIB at 30°C for 3 days. The culture was then centrifuged and the cells were suspended in PBS at 6 X lo8 cfu/ml. The ratio between filamentous and vegetative cells in the inoculum was 1:55. The mice were anaesthetised and their bladders were emptied by gentle abdominal massage. A soft polyethylene catheter (outer diameter 0.61 mm) was inserted through the urethra and 0.05 ml of the suspension (3 X lo7 cfu) was slowly introduced into the bladder. For in-vivo urine smears from the trans-urethrally infected mice, bladder urine voided after gentle massage of the abdomen was recovered with a sterile loop. Mice were anaesthetised and killed 7 days after inoculation. Kidneys were removed aseptically and homogenised in a glass homogeniser in 1 ml of PBS and smears for light microscopy were made.
Haem agg lu tin a t ion assay
Bacteria from in-vitro cultures and IPC were studied for their haemagglutinating activity with human and chicken erythrocytes (rbc). Mannose-resistant/Proteuslike (MR/P) fimbriae were determined by mixing equal volumes (0.05 ml) of two-fold dilutions of bacterial suspensions and a suspension of fresh rbc (3%) in PBS in the presence of 50 m~ mannose at room temperature (23°C). Mannose-resistant/KZebsieZZa-like (MR/K) fimbriae were assayed with tannic acid-treated human rbc [29] . Haemagglutination titres were defined as the highest dilution of bacterial suspension in which clumping of erythrocytes was observed.
The bacteria grown in vitro were prepared from a 24-h culture at 37°C on NA. The cells were suspended in PBS at pH 7.2 to 3 X lo8 cfu/ml and 250 pl of this suspension were cultured in 5 ml of BHIB at 30°C under static conditions and subcultured at 3-day intervals [30] . Cell pellets obtained after centrifugation of the first culture and the sixth subculture were suspended in PBS, pH 7.2, at 4 X lo9 cfu/ml (determined by plate count on nutrient agar 2%) and used in haemagglutination tests. The bacteria grown in vivo were from IPCs filled with 4 X lo5 cfu/ml from a fifth subculture in BHIB. Three days after the chambers were implanted, they were removed, the inner fluid was centrifuged and the bacterial pellet was resuspended to 4 X lo9 cfu/ml in PBS.
Serum resistance assay
The method used was a modification of that of others [16] . Briefly 50-p1 volumes of dilutions in PBS, pH 7.2, of rat serum from fresh rat blood obtained by cardiac puncture were added to the round-bottomed wells of microtitration plates (Fisher Science). Bacterial suspensions at lo5 cfu/ml in PBS, pH 7.2, were prepared from an overnight culture in BHIB at 37°C and from an IPC after implantation for 2 days. Then, 50 pl of each suspension were added to each well, including control wells that contained 50 pl of PBS. After incubation in a moist chamber at 37°C for 50 min with shaking, 5 pl from each well were subcultured in duplicate on NA (agar 2%) plates and colonies were counted after incubation for 48 h at 37°C. The percentage of cellular killing at different serum dilutions was expressed as:
(cfu in control wells)
Statistical comparison was done by the x2 test with
Yates' corrections for sample size.
Haemolysin assay
The procedure described by Mobley and Chippendale [29] was used. For in-vitro assays, bacteria were grown overnight on NA at 37°C and suspended in BHIB or mouse or human urine at 1 .O X lo5 cfu/ml and grown at 37°C with aeration. Samples were taken at different times and 0.1 ml of two-fold dilutions of bacterial suspensions in PBS, pH 7.2, was mixed with 0.05 ml of a 3% suspension of sheep rbc in PBS, pH 7.2, and incubated at 37°C for 1 h. The haemolytic titre was defined as the highest dilution in which no visible rbc pellet was observed.
For in-vivo assays, the procedures were the same, but the bacteria were those recovered from IPC.
Results
Bacterial growth
The kinetics of growth of R mirabilis strain Pr 990 grown at 37°C in BHIB and human or mouse urine under static conditions was determined (Fig. 1) . During exponential growth, doubling times were 29 min in BHIB, 45 min in human urine and 41 min in mouse urine. In urine cultures, after 10 h, a visible salt precipitate was present and the number of viable bacteria showed a dramatic decrease from lo8 to lo3 cfu/ml.
Bacterial growth in vivo was studied in IPC in rats and in SOC in mice (Fig. 1) . IPC were introduced into the peritoneal cavity of rats, and bacterial growth was monitored by plate counts on NA at 4, 8, 12 and 24 h. The viable count after 24 h was similar to that when bacteria grew in BHIB, although the growth rate during the first hours after chamber implantation was slower. Although the sampling could not be made as frequently as in BHIB or urine assays, the calculated doubling time between 4 and 12 h was 72min. For SOC, a doubling time of 106 min was determined between 4 and 12 h. No spread of bacteria from the chambers was found, as demonstrated by negative blood cultures. At 24 h after infection, the area surrounding the chamber was hard and the concentration of inflammatory cells recovered from the fluid within the chamber had increased 100-fold (results not shown). At this time, the viable count in both models was lo8-lo9 ch/ml and this persisted for 5 days in both models. In the SOC model, it persisted for 3-4 weeks, when almost all the chambers were rejected.
Cellular differentiation
The ratios between filamentous and vegetative cells of Pr 990 grown in BHIB, human or mouse urine are shown in Table 1 . Long filamentous cells (Fig. 2a) were seen in all cultures and the ratio of filamentous to vegetative cells increased by 4-6 h, then decreased and later rose again by 24 h. In the urine cultures, morphological changes in bacteria were observed after 16-18 h (results not shown) probably due to the high pH (9-9.2) generated by the presence of ammonia as a result of f? rnirabilis urease activity on urea. However, no filamentous cells were seen at any time in either the IPC or the SOC in-vivo models. Moreover, the vegetative cells were much smaller than those seen in the in-vitro cultures (Fig. 2b) . Although bacteria were in close contact with phagocytic cells, no bacteria were seen inside them in SOC in mice.
Within 1 h of infection, urine smears from transurethrally infected mice showed an increase in the ratio of filamentous to vegetative cells in every case, compared with the ratio of the initial inoculum ( Table  2 ). Filamentous cells were not seen after 3 h in two of the four infected mice. In the other two, filamentous cells were present in the urine smears at 5 h after infection, but in lower proportions than in the original inoculum. In all mice, only short vegetative cells could be detected at 7 h after infection. No filamentous cells but only vegetative cells were seen in kidney homogenates prepared 7 days after infection.
Haemagglutination
The haemagglutination titres of bacteria grown in BHIB for both fresh and tanned erythrocytes increased with subculture (Table 3) . However, bacteria recovered from IPCs and used at the same concentration as bacteria from BHIB did not show haemagglutination with either fresh or tanned erythrocytes (Table 3 ).
Resistance to normal serum
Strain Pr 990 showed a different level of resistance to normal rat serum when grown in vitro rather than in vivo (Table 4) . Bacteria recovered from IPC from rats 2 days after implantation showed a significantly higher level of resistance to normal rat serum than bacteria grown overnight in BHIB (p < 0.05). The ratio at time 0 h is that of the inoculum. Haemagglutination titre was defined as the highest dilution in which erythrocyte clumps could be seen. The haemagglutination experiments were repeated and similar results were observed. *Sub 1 was a 3-day-old culture in 5 ml of BHIB at 30°C in static conditions. tSub 6 was the sixth subculture made at 3-day intervals. $Fresh erythrocytes were used to assess mannose-resistantlProteuslike fimbriae. §Tanned erythrocytes were used to assess mannose-resistantlKIebsiellu-like fimbriae. The difference in cell death between cells grown in vivo and in vitro was significant (p<O.O5). Serum was obtained by cardiac puncture from a healthy rat bled immediately before the assay. Bacterial suspensions were prepared from an overnight culture in BHIB and from an IPC 2 days after implantation. In-vitro and in-vivo assays were done simultaneously and colony counts were made on duplicate NA plates after incubation for 48 h at 37°C. A similar significant difference was observed in a repeat experiment.
Haemolysin assay
Notably different levels of haemolysin activity were detected when strain Pr 990 was grown in different environments ( Table 5) . Bacteria showed high haemolytic activity during early exponential growth in BHIB. 
Haemolytic titre was the last dilution in which no visible rbc pellet was observed; 0.1 ml of two-fold dilutions of bacterial suspensions was mixed with 0.05ml of a 3% suspension of sheep rbc and incubated at 37°C for 1 h [29] . ND, not done. The experiment was repeated and similar haemolytic titres were observed.
Haemolytic activity later decreased and was absent at the end of the exponential phase. Almost no haemolytic activity was detected when strain Pr 990 was grown in mouse urine and none was seen in human urine. When strain Pr 990 was grown in IPC, significant haemolysin titres were detected by 8 h after chamber implantation. No haemolytic activity was detected at 24 h.
Discussion
Different models have been developed to assess I! mirabilis behaviour in vivo and expression of virulence factors such as fimbriae, serum resistance, haemolysin activity and swarmer cell differentiation. The commonest infection model for studying uropathogenic R mirabilis virulence factors is ascending UTI in mice [14] ; therefore growth in mouse and human urine was studied. Urine may prevent bacterial growth, not only by its continuous flow, but also because of its osmolarity, urea concentration and iron deficiency properties [31] . The ability shown by I! mirabilis to grow quickly in human or mouse urine is advantageous for the colonisation of the urinary tract. Thus the virulence factors expressed by bacteria growing in these media could give valuable information on the mechanisms of initiation of UTI.
In the IPC and SOC in-vivo models, a slower growth rate was seen than in in-vitro assays. Although the sampling could not be so frequent as in in-vitro growth studies, a more extended exponential phase was noticed and a doubling time between 4 and 12 h after the chambers were implanted or inoculated was calculated. In the IPC model, this was 72 min. This result agrees with much of the available experimental evidence that indicates longer bacterial doubling times in vivo, as was reported for Ps. aeruginosa inoculated into the kidneys of mice, Salmonella typhimurium in mice spleen and lii'brio cholerae growing in the small intestine of infant mice [32] . Although the slower growth rate observed in vivo may be a consequence of nutrient limitation (this would also explain the small size of the recovered bacteria), I! mirabilis grew well and survived under these conditions. This suggests that outer-membrane proteins as potential specialised virulence factors for survival may play an important role in natural infections.
The SOC model allowed studies of bacterial infectivity and survival in the presence of an inflammatory response [16] , when bacteria must survive and proliferate in the presence of phagocytic cells, antibodies and complement. I! mirabilis persisted and multiplied in these chambers without spreading to the blood and showed a 100-fold increase in the number of cells after 24 h. A doubling time of 106 min, longer than in IPC, was detected. Surprisingly, no change in the viable count was observed over 3-4 weeks, until the chambers were rejected. This was different behaviour from that described for H. ducreyi inoculated into SOC in mice, where a 100-fold increase after 24 h was followed by a sharp decline over the next few days [17] , but similar to that observed with serum resistant variants of a N gonorrhoeae strain [16] in guinea-pig subcutaneous chambers. This result also showed the ability of I! mirabilis to survive in vivo in the presence of an inflammatory response. This ability may reflect the expression of resistance to the bactericidal action of normal serum.
Survival inside phagocytic cells has been considered as a possible mechanism of bacterial pathogenicity [16] . However, no intracellular R mirabilis cells were seen in SOC fluid by light microscopy. This result is similar to that reported by others [16] in guinea-pigs infected with serum-resistant variants of a N. gonorrhoeae strain. On the other hand, no bacterial clearance was seen inside the chambers during the course of infection. This model could provide an interesting tool to study bacteria-inflammatory cell interactions in vivo.
This study also assessed the in-vivo expression of certain virulence factors, a fundamental step in pathogenicity studies. A common characteristic of P mirabilis is its co-ordinate multicellular behaviour, known as swarming, that occurs when cells grow on solid rich media or on viscous surfaces [28, 33] or, for some strains, in liquid media [34] . Some reports indicate that swarming motility dependent on flagella occurs in vivo and that it favours the infection of the urinary tract [ 1 1,351. However, other reports showed that swarming cells divided into short vegetative cells once they reached the surface of cultured epithelial cells and that they were much less able to invade epithelial cells than short rods [36, 37] . In all the invitro assays in the present study, the bacteria were able to differentiate into multiflagellate filamentous cells, as assessed by light and electron microscopy. Ascending UTI experiments in mice showed that within 6 h of trans-urethral inoculation with a bacterial suspension containing a large amount of swarmer cells, a large proportion of these cells was seen in urine smears. Seven hours after inoculation, only short cells were seen in urine, suggesting that swarmer cells could be removed more easily from the urinary tract, probably because of urinary flow and steric hindrance to adhesion caused by the large number of flagella. It is also possible that inoculated filamentous cells divided into vegetative cells in vivo after contacting the epithelial cells surface, as was seen previously in in-vitro assays [36] . Filamentous cells were not seen in kidneys 7 days after inoculation, which is consistent with previous findings. Moreover, filamentous cells were not found in either of the in-vivo chamber models at any stage of the experiment. Recently, Zhao et al. [38] showed that swarmer cells of I? mirabilis could not be found in the kidneys of infected mice in an assay using a green fluorescent protein to assess urease gene expression. However, the possibility that these cells had invaded kidney cells where the urea concentration was too low to induce the fusion protein was not excluded. The results of the present study suggest that swarming differentiation may not be always present or necessary in I? mirabilis UTI.
Adhesion mechanisms have been recognised as a relevant factor for the development of UTI [29] , although the exact role of the different types of fimbriae in P mirabilis pathogenicity is still under study. The IPC in-vivo model, although able to provide an excellent medium for growth, did not permit the expression of haemagglutination fimbriae. It has been proposed that fimbrial expression is strongly dependent on environmental characteristics and on the ability to grow rapidly [39] . Thus, it appears that the chamber environment is not appropriate for fimbriation. It is possible that on-off phase variation of MR/P fimbrial expression recently described [40] for ET mirabilis may be present (and similar events could occur for MR/K), although the switch was always in the 'on' position in urinary tract infective bacteria [40] .
Although resistance to normal serum may be important in the pathogenesis of I? mirabilis [13] , there are no reports of the expression of this virulence factor in vivo. The rat IPC model provided a useful tool to determine the acquisition of resistance to normal serum by P mirabilis in vivo. This virulence factor may contribute to invasiveness and the occurrence of bactaeremia described in cases of acute pyelonephritis involving I! mirabilis [4 11 .
Haemolysin has been considered to be an important potential virulence factor by some authors [4] , while others could not observe significant differences in virulence aRer isogenic mutants were assessed in the ascending UTI model in mice [42] . Mobley et al. [24] consider that the effect of haemolysin in the kidney may be subtle and difficult to measure in the ascending UTI mouse model. The results of the present study suggest that haemolysin was not essential during the early infection because it was not detected when bacteria grew in human urine and only extremely low titres were found in mouse urine. However, detection in vivo of haemolysin activity in the IPC model may indicate that this factor is important at later stages of infection [42] .
